Abstract In order to make further studies on fusion neutron diagnosis on HL-2A /HL-2M, we have developed and succeeded in the calculation of the Response Function for a Bonner sphere spectrometer, which consists of eight polyethylene spheres with 3 He proportional counters inside. The response function of the Bonner spectrometer to neutrons is of fundamental importance for its neutron spectrum unfolding procedure and is directly related to the quality of the unfolded spectrum. In this paper, we calculated the response function to neutrons from 10 −9 MeV to 100 MeV by Geant4. In order to test the accuracy of the Geant4 simulation, we apply it to measure an 241 Am-Be neutron source, and the measured neutron counts of the spectrometer and simulated counts are found to be highly consistent, with a relative error up to 9.3%. This has proven the calculation of the neutron response of the Bonner sphere spectrometer by Geant4 to be quite accurate.
Introduction
Fusion neutron diagnosis is of great significance in measuring the fusion power and plasma state for tokamak devices. To acquire spectral fluence for neutron diagnosis on HL-2A and HL-2M, a conventional Bonner Sphere Spectrometer (BSS) [1] has been developed for its good qualities. The BSS was first described by Bramblett in 1960 [2] and it has been widely used in recent decades [3−6] . For neutron spectrum determination, it is irreplaceable because it is now the only spectrometer that can cover a wide energy range from meV to GeV (a conventional BSS is sensitive to neutrons from meV to tens of MeV [7] , but by introducing a High -Z metal shell, it can extend the maximum measuring energy to GeV [8, 9] ), it has an isotropic response and is quite easy to operate; the main drawback is its bad energy resolution, though this can be ignored in some applications. Its measurement principle is as follows: by setting the thermal neutron detector inside spheres made of a neutron moderator, the detector is sensitive to higher energy neutrons depending on the thickness of the moderator sphere (the moderator is usually made of polyethylene). With a series of such spheres with different thicknesses, the inner detectors can detect neutrons over a broad energy range, and information about the neutron spectrum can be gained from the counts rate corresponding to each sphere. With a particular energy unfolding arithmetic, the neutron spectrum can be unfolded.
The neutron response and the measured readings of the BSS are associated with the neutron count spectrum by the integral equation of
where i represent the serial number of the spheres, C i denote its counts rate, R i (E) is the neutron response function of sphere i, and Φ(E) is the incident neutron spectrum. Eq. (1) can be discretized to:
Supposing there are m spheres, R ij is an m × n matrix called a response matrix, and Φ j is the neutron fluence from energy E j to E j+1 . By some mathematical algorithms, the spectrum can be unfolded with the counts rate C and response matrix R of Eq. (2) . The response matrix is the foundation for the spectrum unfolding algorithm to be put into use and its accuracy is directly related to the quality of the unfolding process. In this paper, we will present a simulative approach to * supported by National Natural Science Foundation of China (Nos. 10976028, 11375195) and National Magnetic Confinement Fusion Science Program of China (No. 2013GB104003) precisely calculate the response function by the particle transport Monte Carlo tool, Geant4 [10] , and employ subsequent experimental measurements to test the simulation accuracy.
Response function calculation
The BSS consists of eight PTB Polyethylene Spheres (PSs) [11] made of pure polyethylene and eight SP9 3 He spherical proportional counters as the central thermal neutron detector (manufactured by Centronic Ltd., UK); the diameters of the eight PSs are 4 in, 5 in, 6 in, 7 in, 8 in, 9 in, 10 in and 12 in.
Using a mono-energy neutron source to calculate the response function of BSS is quite expensive and complex; due to the limited quantity of monoenergetic neutron sources, the calculation can be taken only for several energy points. This situation determines that the neutron response function cannot be measured; usually we take Monte Carlo particle transport tools to calculate it, and Geant4 is quite popular for applications like this. In our work, the Geant4.10.00.p01 version was used on an Ubuntu system. The neutron cross-section data were in library G4NDL4.4 in Geant4, which is mainly based on ENDF/B-VII cross-section evaluation. We chose the suitable physical process model to deal with the neutron's elastic scatter, inelastic scatter, capture and fission process with matter, which is shown in Table 1. Then we set up the simulation structure of eight PSs and 3 He detectors based on its real construction, as shown in Fig. 1 , where the 8 inch PS is taken as an example. In this figure, Part 1 is the PS with a density of 0.946 g/cm 3 , Parts 2, 3, and 4 belong to the inside spherical 3 He proportional counter with a diameter of 33 mm and a length of 134 mm together with a handle. Part 2 is gas 3 He with a pressure of 2 atmospheres, Part 3 is the air cavity, and Part 4 is the stainless steel shell with a thickness of 0.5 mm. We assume its material is pure iron, and several parts are neglected such as its electrode made of 17.5 µm tungsten and insulation made of alumina. Fig. 2 shows the neutron irradiation scene in the Geant4 simulation, the neutron radiation is set to be parallel, the green trajectory is the transport of the neutron, and the yellow dots are the collision point between the neutron and the material, from which we can see that the material moderates neutrons by elastic collisions.
Fig.1 Structure of the PS in Geant4 simulation

Fig.2 The scene of neutron irradiation in Geant4
The irradiation neutron is mono-energetic, and we gather the counts of the 3 He proportional counter after a certain sufficient quantity of neutrons are emitted. Then we can calculate its response to neutrons having a certain energy by the counts and the neutron flux per cm 2 . In this way, we continuously changed the incident neutron energy from 10 −9 MeV to 100 MeV with 51 discrete energy points; the discrete neutron energy values were selected in the logarithmic domain with equal intervals, except for the range between 1 MeV and 10 MeV, where we picked more points intending to show the detailed structure of its peak. Then we allowed 10 7 neutrons to emit for each energy point and gathered the counts of its 3 He proportional counter, and in this way, we acquired the response function of a certain PS to neutrons. We applied the procedure to all eight PSs and finally got the neutron response function of the BSS system (Fig. 3) . Its relative statistical uncertainties were found to be under 2%. From the figure, we can obviously find that as the PS size increases, the peak of the response function gradually moves to the high-energy range, the larger PSs tend to be more sensitive to higher energy neutrons, and starting from the 7 inch sphere, the value of the peak for each response function is on the decline. We compared this with the other response function of the same type taken from the published literature [1, 11, 12] , and found they fit very well. 
Experiment validation
To verify the accuracy of the Geant4 simulation in calculating the BSS response function, we carried out an experiment using BSS to measure an 241 Am-Be neutron source; the neutron source belonging to the Department of Modern Physics of USTC was manufactured in 1978 with activity of 2×10 8 Bq. Fig. 4 is the experiment environment when the source was not pulled out from the paraffin bucket (Part 3 in this figure) for the sake of safety, Part 1 is the measuring PS, Part 2 is the lifting device, which can be controlled outside the radiation room, and Part 4 is the monitoring image of the radiation scene from the controlling room. We took turns to put up the eight PSs to measure the neutron source and then obtained the neutron count rates for each sphere (Table 2) .
On the other hand, we took Geant4 to simulate the experiment, in which the simulated geometric structure needs a little modification to accord to the real environment. First, the PS was set in a wooden table, we added the table structure in the simulation (marked in Fig. 5) . Second, the neutrons were emitted from a cylindrical neutron source package, so we changed the neutron beam to be diverging instead of parallel (Fig. 6) . The spectrum of the emitted neutron was set to the ISO 8529-1 standard 241 Am-Be spectrum [13] , and in this way, we made the simulation quite close to the real experiment process. 10 7 neutrons were emitted for each PS, and the counts were gathered in this simulation (Table 3) . We normalized the simulated counts and the real-measured counts (Table 2) , and then compare them in Fig. 7 . They were found to be highly consistent, and the greatest relative error between the two group data was 9.3%. 
Conclusions
The response function of a conventional Bonner Sphere Spectrometer, planned to be set around HL-2A/HL-2M, was carefully calculated with 51 discrete energy points from meV to 100 MeV with an uncertainty of less than 2%, which was done by simulation based on Geant4. We also simulated the response of the BSS to the emitted neutrons by an 241 Am-Be neutron source, and the simulated BSS counts were quite close to the experimental measured counts with errors up to 9.3%, which has proven the simulation of the BSS's response to neutrons by Geant4 to be quite accurate. This calculated response function will play a fundamental role in using BSS around HL-2A/HL-2M for fission neutron diagnostics.
